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Abstrat
Using a rigorous quantum model a omprehensive study of physial properties of entangled photon pairs generated in
spontaneous parametri down-onversion in hirped periodially-poled rystals is presented. Spetral, temporal, as well as
spatial harateristis of photon pairs are analyzed. Spetral bandwidths, photon-pair ux, and entanglement area an be
eetively ontrolled by hirping. Quantiation of entanglement between photons in a pair is given. Splitting of entanglement
area in the transverse plane aompanied by spetral splitting has been revealed. Using the model temperature dependenies
of the experimental intensity proles reported in literature have been explained.
I. INTRODUCTION
The beginning of nonlinear quantum optis an be
dated bak to the sixties of the 20th entury, when the
rst nonlinear optial phenomena were observed [1℄ ow-
ing to the disovery of the laser. The next milestone was
reahed twenty years later by Hong, Ou and Mandel who
observed strong quantum orrelations between photons
in a photon pair generated in the proess of spontaneous
parametri frequeny down-onversion [2℄. These photon
pairs represent the elementary quantum objets that an
be orrelated in time, spae, momentum, energy, polar-
ization or even orbital angular momentum. They have
been used in many appliations inluding tests of Bell's
inequalities [3℄, quantum ryptography [4℄, quantum tele-
portation [5, 6℄, and metrology [7℄.
Many dierent strutures emitting entangled photon
pairs have been developed. Nonlinear bulk rystals [8℄
and nonlinear wave-guides belong to standard soures of
these photon pairs nowadays. Also new soures based
on photoni-rystal bers [9, 10℄, layered photoni stru-
tures [11, 12, 13, 14℄, nonlinear avities [15℄, and photoni
nanostrutures like quantum dots have been investigated.
However, periodially-poled rystals are distinguished
from other photon-pair soures for two reasons [16, 17,
18℄. High photon-pair uxes are reahed beause of the
use of materials with high nonlinearities due to quasi-
phase-mathing. On the other hand, hirping allows to
generate photon pairs with extremely wide spetral band-
widths and subsequently extremely sharp temporal fea-
tures. Suh photon pairs are useful in many experiments,
e.g., in quantum optial oherene tomography [19℄ or de-
termination of tunnelling times [20℄. Wide spetral band-
widths of entangled photon pairs make them prospetive
for parallel proessing of quantum information.
In theory, desription of hirped periodially-poled
rystals has been restrited to simple more-less analyti-
ally soluble models up to now [16, 17, 18℄. Properties
of photon pairs in the transverse plane have not been
addressed in these models. In the paper, we investigate
spetral, temporal as well as spatial properties of the
emitted photon pairs in detail using a omplete theory.
Speial attention has been devoted to the role of hirping
parameter that is found extraordinarily useful in tailor-
ing properties of photon pairs. Splitting of entanglement
area that is aompanied by spetral splitting is predited
in this model. Also temperature dependenies of inten-
sity proles experimentally observed in [18℄ have been
addressed using the model.
The model of spontaneous parametri down-onversion
is introdued in Se. II. Quantities haraterizing photon
pairs are dened in Se. III. Spetral and temporal prop-
erties as well as entanglement of photons in a pair are
disussed in Se. IV. Properties of photon pairs in the
transverse plane inluding entanglement area and tem-
perature dependenies are analyzed in Se. V. Conlu-
sions are drawn in Se. VI.
II. MODEL OF SPONTANEOUS PARAMETRIC
DOWN-CONVERSION
We use multi-mode desription of spontaneous para-
metri down-onversion [21℄. Eah eld, i.e. pump, signal
and idler, is represented by plane-waves with given po-
larizations. Nonlinear proess is desribed by rst-order
perturbation solution of Sho¨dinger's equation in the in-
teration piture. Interation Hamiltonian Hˆint is in the
form:
Hˆint (t) = S4π
2ǫ0
∫ 0
−L
dzχ(2) (z) : E(+)p (z, t)
× Eˆ(−)s (z, t) Eˆ(−)i (z, t) + H.c.. (1)
Symbol S denotes transverse area of the pump beam,
ǫ0 is permittivity of vauum, and χ
(2) (z) represents a
third-order tensor of seond-order nonlinear suseptibil-
ity that is assumed wavelength-independent. Symbol :
is a shorthand for tensor χ(2) with respet to its three
indies and H.. replaes a Hermitian onjugated term.
Symbol L denotes length of the nonlinear rystal. The
strong pump eld is desribed lassially whereas the
weak signal and idler elds are treated quantally using
operator amplitudes. An eient nonlinear interation
is observed provided that x, y, and z omponents of the
wave vetors full at least approximately phase math-
ing onditions in the orresponding diretions. Assuming
1
plane-wave pumping and suiently wide rystal perfet
phase mathing in the transverse plane (spanned by x
and y variables) ours.
Positive frequeny part of pump-eld amplitude E
(+)
P
has the form:
E
(+)
p (z, t) =
∑
γ=TM,TE
∫ ∞
−∞
dωp E˜
(+)
p,γ (z, ωp)
× exp [i ([kp,γ ]z z − ωpt)]. (2)
The abbreviation TM (TE) stands for transversal mag-
neti (eletri) waves, ωp is pump-eld angular frequeny,
kp,γ the orresponding wave-vetor, and E˜
(+)
p,γ (z, ωp)
spetrum of the positive-frequeny part of the pump-eld
amplitude. Strong oherent pumping is assumed and so
the depletion of the pump eld an be negleted.
The signal and idler elds are desribed by negative-
frequeny parts of eletri-eld amplitude operators Eˆ
(−)
s
and Eˆ
(−)
i , respetively, that an be written as follows [22℄:
Eˆ
(−)
j (z, t) =
∑
ξ=TM,TE
∫ ∞
−∞
dωj
√
~ωj
4πǫ0cnξ(ωj)S⊥
ej,ξ (ωj)
× aˆ†j,ξ (ωj) exp
[−i ([kj,ξ]z z − ωjt)], (3)
j = s, i. Symbol ej,ξ (ωj) stands for polarization vetor
of a mode with frequeny ωj and polarization ξ whereas
aˆ†j,ξ (ωj) represents the reation operator of this mode.
Symbol ~ denotes redued Plank's onstant, nξ(ωj) is
the index of refration and c is speed of light.
First-order solution of Sho¨dinger's equation gives the
wave-funtion of an entangled two-photon state in the
output plane of the rystal:
∣∣∣ψ(2)〉 = − i
~
∫ ∞
−∞
dt´Hˆint (t´) |ψ00〉 , (4)
where |ψ00〉 denotes the initial signal- and idler-eld va-
uum state. Contributions desribed by higher orders of
the perturbation solution are assumed to be small due
to relatively low pumping intensity. Taking into aount
Eqs. (1), (2), (3), and (4) the wave funtion
∣∣ψ(2)〉 an
be obtained in the form:
∣∣∣ψ(2)〉 = ∑
α,β=TM,TE
∫ ∞
−∞
dωs
∫ ∞
−∞
dωi
× A˜αβ (ωs, ωi) aˆ†s,α (ωs) aˆ†i,β (ωi) |ψ00〉 . (5)
Here, A˜αβ (ωs, ωi) denotes a two-photon spetral ampli-
tude giving probability amplitude of emitting a signal
photon at frequeny ωs and polarization α together with
an idler photon at frequeny ωi and polarization β. Two-
photon amplitude A˜αβ an be expressed as [23, 24, 25℄
:
A˜αβ (ωs, ωi) = Cψα,β (ωs, ωi)
∑
γ=TM,TE
∫ ∞
−∞
dωp
∫ 0
−L
dz
×
∫ ∞
−∞
dknχ˜
(2) (kn) : es,α (ωs) ei,β (ωi)
× exp [i ([kp,γ ]z − [ks,α]z − [ki,β ]z − kn) z]
× E˜(+)p,γ (0, ωp) δ(ωp − ωs − ωi) (6)
where χ˜(2) is Fourier transform of funtion χ(2)(z) and kn
denotes a grid vetor of poling. Alternatively, the rystal
length an be given indiretly by number NL of layers.
Normalization funtion Cψα,β (ωs, ωi) has the form:
Cψα,β (ωs, ωi) =
π
√
ωsωi
ic
√
nα(ωs)nβ(ωi)
. (7)
Variations of seond-order nonlinear suseptibility χ(2)
along the z-axis an be desribed using the formula:
χ(2) (z) = χ
(2)
0 sign[cos
(
kn0z− ζz2
)
]rect
[
z
−L
]
. (8)
Symbol kn0 denotes a basi grid vetor of poling and
kn0 = π/l0 where l0 represents the length of the basi
layer. Parameter ζ haraterizes hirping of the poled
struture. Funtion rect(x) equals 1 for 0 ≥ x ≥ 1 and
is zero otherwise. We note that periodial poling an
be reahed by applying strong stati eletri elds to do-
mains (dened by ontats prepared by lithography) that
invert the sign of nonlinear suseptibility χ(2) [17℄. An
other method is based on mapping an optial-eld in-
terferene pattern to χ(2) nonlinearity that an be done
provided that a nonlinear material is plaed into a strong
uv radiation [26℄.
A. Simplied desription using uniform poling
Formation of the spetral shape by interferene from
all layers an be studied analytially for uniform poling
and w pumping provided that we restrit ourselves to a
salar modes and onsider propagation along the z axis
only. The two-photon amplitude A˜ an then be expressed
as:
A˜(ωs, ωi) = Cψ(ωs, ωi)E˜(+)p (ωp0)δ(ωp0 − ωs − ωi)
×
∫ 0
−L
dzχ(2)(z) exp [i∆kz]; (9)
∆k = kp−ks−ki. Integration along the rystal in Eq. (9)
an be replaed by the sum of ontributions oming from
eah layer and then the two-photon amplitude A˜ takes
2
the form:
A˜(ωs, ωi) = Cψ(ωs, ωi)E˜(+)p (ωp0)δ(ωp0 − ωs − ωi)
× losinc
[
∆klo
2
]
sin [(∆klo − π)NL/2]
sin [(∆klo − π)/2]
× exp
[
−i(∆kl0 + π)NL
2
− iπ
2
]
. (10)
Symbol lo introdued in Eq. (10) denotes the length of
one layer (lo = L/NL). Funtion sinc in Eq. (10) origi-
nates in phase mismath of one typial layer whereas su-
perposition of down-onverted elds from all layers gives
the remaining part of the formula in Eq. (10) that resem-
bles the well-known expression desribing interferene of
a nite number of waves. Maximum value of the two-
photon amplitude A˜ in Eq. (10) is reahed if the sin fun-
tion in the denominator is zero. This happens under the
usual quasi-phase-mathing ondition ∆k = π(n+ 1)/lo,
n being an integer. The number of emitted photon-pairs
at the orresponding frequenies is then proportional to
N2L. The expression in Eq. (10) also indiates that the
spetral width of the signal or idler eld is proportional
to 1/NL for w pumping.
III. CHARACTERISTICS OF PHOTON PAIRS
EMITTED IN PERIODICALLY POLED CRYS-
TALS
Number of generated photon pairs N (per 1 s in w
regime) an be easily alulated from two-photon spetral
amplitude A˜ given in Eq. (6):
N =
∫ ∞
−∞
dωs
∫ ∞
−∞
dωi|A˜ (ωs, ωi) |2. (11)
Energy spetrum Ss,i (ωs,i) for the signal or idler eld is
determined similarly with the formula:
Ss,i (ωs,i) = ~ωs,i
∫ ∞
−∞
dωi,s|A˜ (ωs, ωi) |2. (12)
Shmidt's deomposition of the two-photon spetral
amplitude A˜ into the dual basis an be used to quantify
entanglement between signal and idler photons. Two-
photon spetral amplitude A˜(ωs, ωi) an then be ex-
pressed as
A˜(ωs, ωi) =
∞∑
n=1
λnψn (ωs)φn (ωi) , (13)
where λn are eigenvalues orresponding to base funtions
ψn and φn. The base funtions ψn and φn are determined
as solutions of the integral equations:∫
Ks (ω, ω´)ψn (ω´) dω´ = λ
2
nψn (ω) , (14)
∫
Ki (ω, ω´)φn (ω´) dω´ = λ
2
nφn (ω) . (15)
Entropy of entanglement E [27℄ dened as:
E = −
∞∑
n=1
λ2n log2 λ
2
n (16)
is used for quantiation of entanglement. The higher
the entropy E, the stronger the entanglement. The num-
ber of eetive independent modes useful in Shmidt's
deomposition is given by ooperation parameter K [28℄:
K =
1∑∞
n=1 λ
4
n
. (17)
Temporal properties of photons in a pair an only
be measured indiretly using interferometers. Relative
time delay between photons in a pair an be deter-
mined in Hong-Ou-Mandel interferometer [29℄. Normal-
ized oinidene-ount rate Rn (τ) in this interferometer
is expressed in the form:
Rn (τ) = 1− ρ (τ) (18)
and
ρ (τ) =
1
R0
∫ ∞
−∞
dta
∫ ∞
−∞
dtb
×Re [A (ta, tb − τ)A∗ (tb, ta − τ)]
=
1
(2π)
2
R0
∫ ∞
−∞
dωs
∫ ∞
−∞
dωi
× Re
[
A˜ (ωs, ωi) A˜∗ (ωi, ωs) exp(iτ [ωi − ωs])
]
;
(19)
Re denotes the real part of an argument. Symbol R0 is
a normalization onstant; R0 = limτ→∞ ρ(τ).
IV. TEMPORAL AND SPECTRAL PROPERTIES
OF PHOTON PAIRS, ENTANGLEMENT
The analysis is done for a periodially-poled nonlin-
ear uniaxial rystal LiNbO3. Having in mind optial-
ber appliations we onsider w plain-wave pumping
at entral wavelength λp0 = 752.5 nm. The sig-
nal and idler elds have wavelengths λs0 = λi0 =
1505 nm (λs0 = 1392.1 nm and λi0 = 1637.8 nm)
in the spetrally-degenerate (spetrally-non-degenerate)
ase. Assuming uniform poling the length idential for
all layers is determined suh that quasi-phase mathing
is reahed for TM polarizations of all interating elds
at given entral frequenies assuming ollinear propaga-
tion. Sine the studied material is anisotropi and we
onsider the optial axis parallel to the y axis, polariza-
tions of all interating elds orrespond to extra-ordinary
waves in ollinear geometry. The length of layers
for the spetrally-degenerate (spetrally-non-degenerate)
ase equals 8.9000 µm (8.9286 µm).
If hirping in poling is assumed, the length of layer
in the middle of the struture equals that for uniform
3
poling. The value of used hirping parameter ζ (ζ =
1× 10−6 µm−2) orresponds to the ase in whih shorter
layers our at the beginning of the rystal whereas
longer layers are at the end of the rystal . We note
that if the value of hirping parameter ζ is suiently
small, layer lengths depend more-less linearly on their
positions. We also note that the eet of multiple re-
etions at rystal boundaries that leads to fast spe-
tral osillations (typial for a Fabry-Perot etalon [30℄)
ours in periodially-poled rystals. However, we sup-
press them in our analysis by making loal averaging of
the signal- and idler-eld spetra. This is in aord with
usual experimental onditions in whih these osillations
are smoothed out by a nal spetral resolution of dete-
tors.
Note that, the Fourier transform of Eq. (8) ontains
several spetral omponents. The omponent +kn as-
sures phase-mathing at the entral frequenies men-
tioned above. However, the omponent with −kn also
exists but annot provide phase mathing in the onsid-
ered frequeny range for the studied nonlinear rystal and
so we omit it in further investigations.
A. Spetrum and number of generated photon
pairs
Typial spetra for both frequeny-degenerate and
frequeny-non-degenerate down-onversion for uniform
as well as hirped poling are shown in Fig. 1.
Fast modulation in these spetra has its origin in inter-
ferene of two-photon amplitudes oming from dierent
nonlinear layers of the rystal as expressions in Eqs. (10)
and (12) indiate. In frequeny-non-degenerate ase and
for uniform poling, there our two peaks entered at
dierent frequenies (see Fig. 1b). These ontributions
mutually interfere in the frequeny region where they
overlap. Chirped poling leads to wide broadening of
the signal- and idler-eld spetra, as demonstrated in
Fig. 1a,b. The reason is that two-photon amplitudes from
dierent layers have shifted ranges of the emitted signal-
and idler-eld frequenies and so when two-photon am-
plitudes from all layers are superposed, a muh broader
range of frequenies is overed. However this broaden-
ing is at the expense of lowering photon-pair emission
rates. This ours beause nonlinear layers of dierent
lengths and generating dierent two-photon amplitudes
do not admit perfet onstrutive interferene at opti-
mum frequenies (as it ours for uniform hirping). We
also note that wider spatial emission angles our for the
higher values of hirping and so a onsiderable portion
of the emitted signal does not ontribute to the studied
ollinear ase.
Suessive forming of the signal-eld spetrum as the
number NL of layers inreases is depited in Fig. 1 for
uniform poling. Already two layers (that form the basi
element of the struture) provide a spetrum that prefers
the area around the entral frequeny. As the urves in
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FIG. 1: Energy spetrum Ss for a) spetrally degenerate and
b) spetrally non-degenerate down-onversion. Curves de-
noted as U (C) are appropriate for uniform (hirped) poling
of the rystal; NL = 1000 in a) and b). Forming of nor-
malized energy spetrum Snorms with the inreasing number
NL of layers is doumented in ) for uniform poling, spetral
degeneration, and NL = 1, 2, 50, and 1000.
Fig. 1 doument the larger the number NL of layers
the narrower the spetrum [ompare the expression in
Eq. (10)℄.
Number N of generated photon pairs and signal- and
idler-eld spetral widths are the most important param-
eters of a photon-pair soure in many appliations. We
show their dependene on the number NL of layers (giv-
ing length L of the rystal) and hirping parameter ζ in
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FIG. 2: (Color online) Contour plots of a) number N of gen-
erated photon pairs and b) spetral width ∆Ss (FWHM) of
the signal eld as funtions of the number of layers NL and
hirping parameter ζ. Frequeny degenerate ase is assumed.
Fig. 2. We an observe the following general tendenies.
Provided that ζ is xed inreasing number NL of layers
gives higher numbers N of generated photon pairs but
lowers spetral widths of the signal and idler elds. On
the other hand and keeping NL xed inreasing values
of hirping parameter ζ lead to dereasing of the num-
ber N of generated photon pairs and broader signal- and
idler-eld spetra.
Dened spetral widths of the signal and idler elds
are required in many appliations. The spetral widths
are determined by the lengths of the rst and last nonlin-
ear layers in a rystal with hirped poling. Number N of
generated photon pairs inreases naturally with inreas-
ing number NL of layers. Sine lengths of the rst and
last layers are xed, a larger number NL of layers means
a lower value of hirping parameter ζ. Our numerial
investigations have revealed that the produt of number
N of generated photon pairs and hirping parameter ζ is
roughly onstant (Nζ ≈ const) in this ase. These ob-
servations allow to design easily strutures with dened
spetra and photon-pair emission rates.
B. Fourth-order interferene of a photon pair
Hong-Ou-Mandel interferometer giving fourth-order
interferene pattern allows to determine entanglement
time from the prole of fourth-order interferene pattern
obtained by varying a mutual time delay between the
signal and idler photons. Entanglement time gives a typ-
ial time window in whih an idler photon is deteted in
this spei interferometer provided that its twin signal
photon has already been deteted. Entanglement time
does not bear any information about the instant of a
signal-photon detetion. Entanglement time dened this
way does depend on dispersion present in the paths of
the signal and idler photons in general. However, if the
same amount of dispersion is present in the signal-photon
and idler-photon paths entanglement time is not aeted
[24℄. In ase of w pumping, entanglement time is even
not sensitive to even orders of material dispersion in the
paths of two photons from a pair [31℄. On the other hand,
also sum-frequeny generation an be used to dene an-
other typial time onstant alled orrelation time (de-
ned in optial-eld oherene theory) [32℄. Correlation
time haraterizes a true temporal shape of a biphoton
(as given by the amplitude of a two-photon temporal am-
plitude) and is sensitive to dispersion. Careful dispersion
ompensation is experimentally required to observe the
sharpest temporal features as possible.
If we onsider frequeny degenerate ase, both photons
in a pair are indistinguishable (are desribed by identi-
al wave-funtions) and we observe visibility 100% in a
Hong-Ou-Mandel interferometer. Dierent entral fre-
quenies of the signal and idler elds lead to partial dis-
tinguishability of two photons and, as a onsequene, the
loss of visibility ours (see Fig. 3a). Moreover, the signal
and idler photons propagate at dierent group veloities
and our at the output of the rystal with nonzero rela-
tive mutual delay, that is determined from the shift of the
dip position in the interferene pattern. Also osillations
at the dierene of the entral signal- and idler-eld fre-
quenies our. Low visibility is usually observed in this
ase beause of omplex interferene of two-photon am-
plitudes oming from dierent layers. We note that the
inlusion of third- and higher-odd-order dispersion terms
has lead to small osillations visible in Fig. 3a. Width
of the oinidene-ount interferene pattern Rn(τ) is
mainly given by rst-order dispersion properties of the
rystal (for details see, e.g., [23℄)
Width ∆τ of the oinidene-ount rate Rn inreases
with the inreasing number NL of layers onerning uni-
form poling (see Fig. 3b), in agreement with dereas-
ing signal- and idler-eld spetral widths. On the other
hand, width ∆τ inreases for smaller numbers NL of lay-
ers whereas it dereases for larger numbers NL of layers
for hirped poling. This behavior an be related to the
behavior of the signal- and idler-eld spetral widths (see
Fig. 2b): the wider the spetrum the smaller the width
∆τ . If numberNL of layers is suiently large, the width
∆τ dereases with inreasing values of hirping param-
5
eter ζ that makes spetral widths wider (see Fig. 3).
Several appliations (e.g, quantum optial oherene to-
mography [19℄, determination of ultrashort temporal in-
tervals [20℄) require as short entanglement times as pos-
sible. Highly hirped rystals are then needed as soures
of photon pairs giving the widest possible signal- and
idler-eld spetra.
C. Entropy of entanglement
Entropy of entanglement E an be used to quantify
the strength of mutual spetral entanglement between
the signal and idler photons. Tehnially, integral equa-
tions in Eqs. (14) and (15) are disretized and onverted
this way into the problem of matrix diagonalization. Di-
vision has to be suiently lose whih is indiated by a
large number of eigenvalues lying lose to zero. Eigenval-
ues of Shmidt's deomposition do not depend on addi-
tional phase variations introdued by dispersion present
in paths of the signal and idler photons. This an be
dedued from the denition of kernels Ks and Ki [33℄
that are proportional to the redued statistial opera-
tors of the signal and idler photons, respetively. These
phase variations only aet phases of the omplex base
funtions ψn and φn ourring in the deomposition of
two-photon spetral amplitude A˜ in Eq. (13).
Entropy of entanglement E behaves similarly as signal-
and idler-eld spetral widths. The wider the spetra,
the higher the entropy E. This means, that the higher
the number NL of layers in a uniformly poled rystal the
lower the entropyE. Assuming hirped poling, entropyE
dereases until a ertain number NL0 of layers is reahed
and then inreases (see Fig. 4). Cooperativity parame-
ter K behaves similarly (see Fig. 4) as entropy E. We
note that the wider the signal- and idler-eld spetra the
larger the number of eigenvalues λn needed in Shmidt's
deomposition and as a onsequene greater values of o-
operativity parameter K and entropy E our.
V. SPATIAL PROPERTIES OF PHOTON PAIRS,
CORRELATION AREA
A. Intensity ross-setion of the down-onverted
elds
A typial ross setion of the signal-eld photon num-
ber Ns for uniform poling is displayed in Fig. 5a where
p-polarized signal and idler elds degenerate in frequeny
have been assumed. This means that the signal and idler
photons propagate as extraordinary waves. The signal
and idler elds propagate in general as a mixture of TE
and TM waves at dierent emission angles, but the dif-
ferene between TE and TM waves is small beause of
small values of radial emission angles and so the pattern
of ross setion is nearly spherially symmetri and o-
urs for radial emission angles ϑs lower than 5 deg. The
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FIG. 3: a) Normalized oinidene-ount rate Rn in Hong-
Ou-Mandel interferometer as a funtion of relative time de-
lay τ for spetrally degenerate (D) and non-degenerate (N)
down-onversion in a uniformly poled rystal. b) Width ∆τ
(FWHM) of the interferene dip in normalized oinidene-
ount rate Rn as a funtion of number NL of layers for uni-
form (U) and hirped (C) poling. ) Width ∆τ as it depends
on hirping parameter ζ. Frequeny degeneration is assumed;
NL = 1000, ζ = 1× 10
−6 µm−2
.
highest numbers N of generated photon pairs are found
in the viinity of ϑs = 0 deg beause the struture is
optimized for ollinear interation.
Comparison of Figs. 5a and b reveals that hirping of
poling pratially does not hange the emission angles.
It mainly redues the number N of generated photon
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FIG. 4: Entropy E and ooperativity parameter K as they
depend on number NL of layers. Frequeny degeneration as
well as hirped poling are assumed; ζ = 1× 10−6 µm−2.
pairs in the middle of the emission pattern, i.e. at the
emission angles at whih the onditions for onstrutive
interferene of elds from dierent layers are worse in
ase of hirped poling. As a onsequene, a relatively
wide plateau replaes a typial peak found for uniform
poling (see Fig. 5 for uts of the ross-setions). We
note that the idler twin of a signal photon is emitted into
a diretion given by phase-mathing onditions both in
the transverse plane and along the z axis.
Signal- and idler-eld emission spetra are broad for
all emission angles as Fig. 6 showing signal-eld energy
spetrum Ss douments. There ours splitting of the
signal-eld energy spetrum Ss for radial emission angles
ϑs greater than 2 deg. The use of frequeny lters thus
allows to modify the emission-one ross-setion. For ex-
ample, removal of the entral part of the energy spetrum
Ss leaves the emission-one ross setion in the form of a
onentri ring.
B. Correlation area of photon pairs
Correlation area determines possible emission dire-
tions of an idler photon [desribed by radial (ϑi) and
azimuthal (ψi) emission angles℄ whih twin, i.e. signal
photon, has been observed in a given diretion dened
by emission angles ϑs and ψs. Beause the rystal is not
innitely long and also the pump beam is not innitely
broad entanglement area has nite width that an be
haraterized by typial widths of the distribution giving
probability of emission of an idler photon in a given di-
retion. We denote them as ∆ϑi and ∆ψi in the radial
and azimuthal diretions, respetively. Qualitatively, the
longer the rystal the smaller the orrelation area. Also
the broader the transverse prole of the pump beam the
smaller the orrelation area.
There ours splitting of orrelation area into two parts
in radial diretion for emission angles that are farther
from the optimum emission angle ϑs0 for whih the stru-
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FIG. 5: (Color online) Contour plot of the ross-setion of
the signal-eld photon number Ns projeted onto hemisphere
with radial emission angle ϑs and azimuthal emission angle ψs
(determines rotation angle around the enter of the graph) for
a) uniform and b) hirped poling. ) Cut of signal-eld photon
number Ns along the y axis (ψs = 0 deg) traed by radial
emission angle ϑs for uniform (U) and hirped (C) poling.
Frequeny degeneration is assumed; ζ = 1×10−6 µm−2, NL =
1000.
ture was designed. Considering uniform poling and stru-
ture optimized for ollinear interation, this splitting is
learly visible in Fig. 7a for radial emission angles ϑs
greater than 0.5 deg. Splitting in radial emission angle
is aompanied by splitting in frequenies, i.e. frequeny
spetra of eah part are separated (ompare Figs. 7b and
6). Chirping of poling leads to blurring of orrelation ar-
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FIG. 6: (Color online) Contour plot of signal-eld energy
spetrum Ss as a funtion of signal-eld emission angle ϑs as-
suming hirped poling and degenerate spetrum; ζ = 1×10−6
µm−2, NL = 1000.
eas, as doumented in Fig. 7b. This is natural, beause
hirping provides broader spetra of the signal and idler
elds that allow to fulll phase-mathing onditions in a
wider area of emission angles. As is evident from Fig. 7b
hirping partially oneals splitting of orrelation area.
Beause width of orrelation area is a monotonous fun-
tion of hirping parameter ζ (see Fig. 8), photon pairs
with the required width of orrelation area an be gener-
ated from poled rystals with appropriate hirping. We
note that width of orrelation area is an important pa-
rameter whenever wave-funtions of two photons overlap.
C. Temperature tuning of the intensity ross-
setion
Properties of the emitted photon pairs in the transverse
plane an be ontrolled by temperature of the rystal as
has been experimentally demonstrated in [18℄ for hirped
periodially poled stoihiometri LiTaO3. The hange of
temperature auses hanges in values of indies of refra-
tion and also widths of layers undergo a ertain temper-
ature shift. As a onsequene, temperature an be used
to tune a sample into resonane where phase-mathing
onditions are perfetly fullled. If temperature hanges
from its optimum value, shift in emission diretions is ob-
served (see Fig. 9). If the rystal is optimized for ollinear
geometry, a spot ourring under optimum onditions is
replaed by a onentri ring. The greater the delina-
tion of temperature from its optimum value the greater
the diameter of this ring. If the rystal is highly hirped,
this ring is smoothed and a dis is observed. Width of
the spot as well as width of the ring depend strongly on
bandwidth of frequeny lters plaed in front of dete-
tors. The wider the bandwidth, the wider the spot and
ring.
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FIG. 7: (Color online) Contour plots showing the ut of or-
relation area along the idler-eld radial emission angle ϑi
(ϑi = ϑ
opt
i
+ δϑi, ϑ
opt
i
is given by optimum phase-mathing
onditions orresponding to a given ϑs) as it depends on
signal-eld radial emission angle ϑs. Frequeny-degenerate
emission of p polarized signal and idler photons along the y
axis is onsidered both for a) uniform and b) hirped poling;
NL =1000, ζ = 1× 10
−6 µm−2.
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FIG. 8: Width ∆ϑi of orrelation area in radial diretion
as a funtion of ζ for ollinear geometry and frequeny non-
degenerate ase. The signal and idler photons are p polarized;
NL = 1000.
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FIG. 9: (Color online) Contour plots giving the signal-eld
photon number Ns along the y axis parameterized by radial
emission angle ϑs as it depends on temperature T . The signal
and idler photons are p polarized. Chirped poling with a) ζ
= 1 × 10
−7 µm−2 and b) ζ = 1 × 10−6 µm−2 is onsidered;
NL = 1000. Spetrally degenerate photons are ltered with
narrow-band lter 14 THz wide.
VI. CONCLUSIONS
A omprehensive study of physial properties of en-
tangled photon pairs generated in hirped periodially-
poled nonlinear rystals has been done using a rigor-
ous model of spontaneous parametri down-onversion.
Spetral, temporal, and spatial harateristis have been
addressed. Ultra-wide spetra, high photon uxes as
well as entanglement areas an be onveniently ontrolled
by hirping parameter. Ultra-wide spetra are respon-
sible for high values of entanglement of photons in a
pair that an be useful for quantum-information proess-
ing. The experimentally observed intensity proles of
the down-onverted elds in the form of diss or rings
with temperature-dependent parameters have been the-
oretially explained in this model. It has been revealed
that omplex interferene of photon pairs from dierent
layers leads to splitting of orrelation area that is a-
ompanied by spetral splitting. The presented results
have shown that hirped periodially-poled rystals are
not only promising as useful soures of photon pairs for
many appliations but they also remain interesting for
investigations of their rih physial properties.
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